The natural transmission of Yersinia pestis is reliant upon biofilm blockage of the flea vector. However, the environmentally-responsive adaptive regulators which facilitate Y. pestis biofilm production in accordance with the flea midgut milieu are not well understood. We seek to establish the impact of available carbon source metabolism and storage upon Y. pestis biofilm production. Our findings demonstrate that Y. pestis biofilm production is subject to carbon catabolite regulation in which the presence of glucose impairs biofilm production; whereas, the sole metabolism of alternate carbon sources promotes robust biofilm formation. This observation is facilitated by the cAMP receptor protein, CRP. In accordance with a stark growth defect, deletion of crp in both CO92 and KIM6+ Y. pestis strains significantly impaired biofilm production when solely utilizing alternate carbon sources. Media supplementation with cAMP, a small-molecule activator of CRP, did not significantly alter Y. pestis biofilm production. Furthermore, CRP did not alter mRNA abundance of previously-characterized hms biofilm synthesis and regulation factors. Therefore, our findings indicate CRP does not confer a direct stimulatory effect, but may indirectly promote Y. pestis biofilm production by facilitating the alternate carbon source expression profile. Additionally, we assessed the impact of the carbon storage regulator protein, CsrA, upon Y. pestis biofilm production. Contrary to what has been described for E. coli, Y. pestis biofilm formation was found to be enhanced by CsrA. Regardless of media composition and available carbon source, deletion of csrA significantly impaired Y. pestis biofilm production. CsrA was found to promote Y. pestis biofilm production independent of glycogen regulation. Loss of csrA did not significantly alter relative hmsH, hmsP, or hmsT mRNA abundance. However, deletion of hmsP in the csrA-deficient mutant enabled excessive biofilm production, suggesting CsrA enables potent Y. pestis biofilm production through cyclic diguanylate regulation.
Introduction pestis, csrA has been shown to be highly expressed during infection of the flea vector [16] . However, in accordance with the objective of this study, the impact of carbon metabolism and storage upon Y. pestis biofilm formation has not been ascertained.
Our findings reveal that Y. pestis biofilm formation is differentially modulated by available carbon sources: glucose inhibits biofilm formation; whereas, the metabolism of alternate carbon sources enables robust biofilm production. Scarless deletion of crp in both KIM6+ and CO92 Y. pestis strains significantly reduced biofilm formation relative to the respective isogenic controls. Media supplementation with cAMP, an allosteric activator of CRP, had no significant impact upon biofilm formation of either the crp-deficient mutants or the parental strains. Relative mRNA abundance of previously characterized Hms system biofilm-related genes were not affected by crp. Thus, we conclude that CRP indirectly enhances Y. pestis biofilm production by facilitating the alternate carbon source metabolism expression profile.
Contrary to what has been described for E. coli, our findings demonstrate that Y. pestis biofilm formation is enhanced by CsrA. Deletion of csrA in both KIM6+ and CO92 Y. pestis strains significantly impaired Y. pestis biofilm production and Congo red assimilation. The mechanism by which CsrA promotes Y. pestis biofilm production was found to be independent of glycogen regulation. Rather, deletion of hmsP, encoding a cyclic diguanylate phosphodiesterase, restored excessive biofilm production of the Y. pestis csrA-deficient mutant. Deletion of csrA did not alter hmsP or hmsT mRNA abundance relative to the respective parental strains. Nonetheless, CsrA may promote Y. pestis biofilm production through post-transcriptional maintenance of the cyclic diguanylate small molecule activator of Y. pestis biofilm synthesis.
Materials and Methods

Bacterial Strains, Plasmids, and Primers
Bacterial strains and plasmids used in this study are described in Table 1 . Oligonucleotides are detailed in S1 Table.
Scarless Gene Deletion
The crp and csrA genes were excised from Y. pestis KIM6+ and CO92 backgrounds in a scarless fashion (S1 Fig) [31, 32, 33] . To do so, the counter-selective sacB gene was incorporated alongside the kanamycin resistance kan gene in pKD4 to obtain pKD4_Km-sacB plasmid [33] . The target gene was replaced with the combined kanamycin-resistance and sucrose sensitivity (Km R /Suc S ) deletion construct via Lambda Red Recombinase mediated crossover recombination in electrocompetent Y. pestis expressing the pKD46 helper plasmid. A secondary recombination event was employed to expel the deletion construct with a customized commercial gBlock (IDT, San Jose, CA) comprised of the upstream/downstream sequences directly flanking the gene of interest, thereby scarlessly excising the gene of interest. Additional recombination events were utilized to chromosomally restore the csrA gene via electroporation of a PCR fragment derived by the gBlock amplification primers using CO92 DNA as a template. Verification of gene deletion was afforded by sequencing. For all mutants, retention of the pgm locus was confirmed via PCR of the hmsHFRS operon. Plasmid complementation of crp was afforded by incorporation into the pBluescript II SK(+) expression vector.
grown for 3 hours at 26°C whilst shaking at 250 rpm to obtain actively growing bacteria. Cultures were centrifuged at 1.8K x g for 15 min at 26°C. Residual media was aspirated and the bacteria were washed in potassium (K)-phosphate buffer (pH = 7.2). Bacteria were re-suspended to an OD 600 = 1.0 in K-phosphate buffer. Twenty-five milliliters of either HIB or chemically defined Best Case Scenario (BCS) media supplemented with 0.2% of designated carbon sources were inoculated to an OD 600 = 0.1 and incubated at 26°C whilst shaking at 250 rpm [34] . One milliliter aliquots were extracted at 0, 2, 6, 12, 24, 48, and 72 hours post-inoculation for optical density determination. Statistical significance was determined by repeated measures ANOVA post-hoc analysis (Tukey's HSD P < 0.05).
Crystal Violet Biofilm Quantification Assay
Biofilm formation was quantified via crystal violet assay [33] . Bacterial suspensions of OD 600 = 1.0 in K-phosphate buffer were performed as previously described for the growth kinetic experiments. 24-well polystyrene plates were inoculated with 4-6 replicates of 0.75 ml of HIB or BCS supplemented with 0.2% of designated carbon sources containing OD 600 = 0.1 bacteria.
Plates were incubated at 26°C for 24 or 72 hours whilst shaking at 250 rpm. Media was Due to the excessive biofilm production of the hmsP-deficient mutants, accurate optical density readings could not be obtained during growth at 26°C. Since Y. pestis does not synthesize biofilms at temperatures >34°C, experimental pre-growth conditions were increased to 37°C in order to obtain accurate inoculums [35] .
Congo Red Binding Assay
Bacteria derived from glycerol stocks were cultured on HIA plates for 24-48 hours at 26°C. The bacteria were transferred to fresh HIA and incubated at 26°C for an additional 18-24 hours. Thereafter, 50 μL of fresh HIB was suspended to OD 600 = 0.3. Four microliters of this suspension was spotted on Congo red plates containing either 0.2% galactose or 0.2% potassium (K)-gluconate [36] . After 48 hours or 72 hours of incubation at 26°C, Congo red assimilation was phenotypically determined.
Semi-Quantitative Reverse Transcriptase PCR (RT-PCR)
The Access RT-PCR System (Promega, Madison, WI) was utilized to compare the mRNA abundance of previously characterized biofilm-related genes amongst CO92 and CO92Δcrp during growth in HIB medium as well as between CO92 cultured in chemically defined media supplemented with either 0.2% glucose or 0.2% K-gluconate. Cultures were pre-grown as previously described. 300 ml of the appropriate media was inoculated with OD 600 = 0.075 of bacteria in 1 L flask. The culture was incubated at 26°C while shaking at 250 rpm for 6 hours. At this time, 4.0x10 9 cells per sample as determined by optical density were added to an equal volume of RNA later (Ambion, Austin, TX). RNA was isolated via the RNAeasy midi column kit (Qiagen, Hilden, Germany) in accordance with manufacturer guidelines and processed by the TURBO DNA-free kit (Ambion) for DNase treatment. RNA concentration was determined through application of the Synergy HT Take3 Multi-Volume Plate (BioTek). RT-PCR reactions were performed in accordance with manufacturer guidelines using 25 ng of total RNA for 25 PCR cycles. Three microliter aliquots of the RT-PCR reactions were visualized on 2% agarose gels infused with ethidium bromide. Semi-quantitative analyses were performed by ImageJ software with normalization to the gyrB gene [33, 37, 38] .
Quantitative Real-Time PCR (qPCR)
The iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) was utilized to assess relative transcript levels of hmsH, hmsP, and hmsT among the csrA-deficient mutants and the respective isogenic controls. Cultures were pre-grown in BCS medium supplemented with 0.2% K-gluconate for 18 hours incubating at 26°C while shaking at 250 rpm. Bacteria were inoculated in fresh BCS medium containing 0.2% K-gluconate and grown to logarithmic phase. [39] . Statistical significance was determined by one-way ANOVA comparing the average of the 2 independent cDNA samples per strain, each consisting of 3 technical replicates per optimal input concentration as dictated by prior validation.
Whole Genome Sequencing
Whole-genome sequences of the KIM6+ and CO92 csrA-deficient mutants were determined (accession numbers SRS872074 and SRS872077, respectively). Bacteria derived from glycerol stocks were cultured on HIA plates for 24-48 hours at 26°C. The bacteria were transferred to fresh HIA and incubated at 26°C for an additional 18-24 hours. Genomic DNA was isolated via QIAmp DNA Mini kit (Qiagen) in accordance with manufacturer guidelines. Illumina MiSeq sequencing performed at Los Alamos National Laboratory yielded 7156350 and 8122124 respective 251 bp reads for the aforementioned strains. The Illumina reads were de novo assembled by IDBA_UD (v1.1.1) with parameter "-mink 27-maxk 127-step 20-pre_correction". The assembled contigs were aligned to corresponding reference genomes (Y. pestis CO92, NC_003143 and Y.pestis KIM 10, NC_004088) by MUMmer (v3.23) with parameters "-maxmatch" and the uncovered reference regions were extract out using custom Perl script. Moreover, Illumina paired reads were aligned to the corresponding reference genome (Y.pestis CO92 and Y.pestis KIM 10) by BWA (v0.7.10) aln algorithm with default parameters. The average depth of coverage and percent contig recovery were calculated from alignment results and the uncovered reference regions were extract out using custom Perl script. Population variation was judged from mapping result using SAMtools (v1.1) for conversion of BWA output format to BAM format and to perform SNP and Indel analysis. The SNP calls were filtered further by vcffilter.pl of SAMtools with following criteria: (i) minimum RMS mapping quality for SNPs [10] ; (ii) minimum read depth [10] ; (iii) maximum read depth [10000]; (iv) minimum number of alternate bases [3] ; (v) SNP within INT bp around a gap to be filtered [3] ; (vi) window size for filtering adjacent gaps [10] ; (vii) min P-value for strand bias (given PV4) [0.0001]; (viii) min P-value for end distance bias [0.0001]; (x) variants in the repeats region of the reference are filtered.
Results
Growth Kinetics of the Y. pestis crp and csrA Deletion Mutants
Growth kinetics of the KIM6+Δcrp and CO92Δcrp scarless deletion mutants were determined during growth at 26°C in either HIB peptide-rich medium or BCS chemically-defined medium supplemented with primary and/or alternate carbon sources (Fig 1) . Growth kinetics of the KIM6+Δcrp and CO92Δcrp scarless deletion mutants were consistent with the respective isogenic controls during growth at 26°C in BCS medium supplemented with glucose. However, the Δcrp mutants demonstrated a stark growth defect when inoculated in BCS medium solely supplemented with alternate carbon sources, demonstrating stringent CRP-mediated carbon catabolite repression in Y. pestis. Growth of the crp-deficient mutants resumed approximately 24 hours post-inoculation in BCS media solely supplemented with alternate carbon sources. After 72 hours post-inoculation, the bacterial density of the KIM6+Δcrp and CO92Δcrp mutants cultured in BCS media solely supplemented with alternate carbon sources were approximately 1.9-fold and 1.8-fold less than the respective isogenic controls. Growth kinetics of the crp-deficient mutants demonstrated an approximate 2-fold reduction in bacterial density following 24 hours of growth in HIB medium. Deletion of csrA did not yield a significant alteration in 26°C growth kinetics when grown in peptide-rich HIB or chemically defined BCS medium solely supplemented with either glucose or K-gluconate (Fig 2) .
CRP Facilitates Carbon Catabolite Regulation of Y. pestis Biofilm Formation
CO92 and KIM6+ biofilm production was quantified by crystal violet assay during growth in BCS media utilizing either 0.2% glucose or 0.2% alternate carbon sources (Fig 3) . After 24 hours post-inoculation, growth of Y. pestis in BCS medium solely supplemented with alternate carbon sources yielded greater than 2-fold enhanced biofilm production relative to the biofilm production in media containing glucose. Moreover, the biofilm production during growth in BCS medium containing a combination of both primary and alternate carbon sources was significantly impaired relative to the biofilm formation when grown in media solely supplemented with alternate carbon sources, indicative of a carbon catabolite repression effect. No change in growth rate was observed for either Y. pestis strain during culture in BCS medium regardless of primary or alternate carbon source supplementation. Therefore, the catabolite regulation of Y. pestis biofilm formation is independent of growth discrepancies. The metabolism of alternate carbon sources is facilitated by CRP. Thus, the biofilm production of scarless crp deletion mutants constructed in both CO92 and KIM6+ backgrounds was characterized (Fig 4 and S2 Fig) . When grown in the presence of glucose, deletion of crp had no impact upon Y. pestis biofilm production. However, biofilm formation of the crp-deficient mutant was significantly reduced after 24 hours post-inoculation in BCS medium solely supplemented with alternate carbon sources (Fig 4A) . In order to account for the aforementioned growth defect of the crp-deficient mutants, biofilm production was determined at 72 hours post-inoculation biofilm production (Fig 4B) . The biofilm formation of the crp deletion mutant was significantly impaired after 72 hours of growth in BCS medium solely supplemented with alternate carbon sources.
We sought to assess if cAMP-dependent CRP activation is the determinant factor defining carbon catabolite regulation of robust Y. pestis biofilm production. Supplementation of BCS media containing 0.2% glucose as the sole carbon source with 3 mM cAMP did not significantly alter biofilm formation of the crp-deficient mutants or the respective isogenic controls (Fig 5) . Therefore, cAMP availability is not solely responsible for the potent biofilm production observed during the metabolism of alternate carbon sources. Rather, CRP-mediated metabolism of alternate carbon sources enables robust Y. pestis biofilm production.
CRP, a global regulator of transcription, may alter mRNA abundance of previously characterized biofilm-related genes. Transcript levels were compared among CO92 and the CO92Δcrp mutant during growth in HIB. Moreover, mRNA abundance was analyzed during growth of CO92 in chemically defined media utilizing either glucose or K-gluconate as the sole carbon source. Following normalization to the gyrB gene, semi-quantitative analyses via ImageJ software did not reveal any significant changes in relative transcript levels (Fig 6 and S3 Fig) . 
pestis Biofilm Formation
To assess the impact of CsrA upon Y. pestis carbon catabolite regulation of biofilm formation, the csrA gene was scarlessly deleted in both the KIM6+ and CO92 Y. pestis strains. Complementation of csrA was afforded by scarless gene restoration in both genetic backgrounds. Biofilm formation as quantified by crystal violet assay indicated a significant reduction in biofilm formation of the csrA-deficient mutants relative to the isogenic control and csrA restoration mutant, regardless of media composition or available carbon source (Fig 7) . After 24 hours post-inoculation, the relative biofilm production of the csrA-deficient mutant when cultured in BCS supplemented with 0.2% K-gluconate were reduced by approximately 2-fold relative to the respective control strains. Moreover, the csrA deletion mutants do not readily bind Congo red, indicative of severely impaired PNAG production (Fig 7C and S4 Fig). To discount potential aberrant mutations, the whole genome sequences of both the KIM6+ and CO92 csrA-deficient mutants were determined. Whole genome sequencing confirmed the deletion of csrA in both genetic backgrounds. Moreover, sequencing revealed complete retention of the pigmentation locus, including the hmsHFRS biofilm synthesis operon. Genomic integrity was maintained for previously characterized biofilm regulatory factors, including hmsP, hmsT, hmsB, hmsC/N, hmsD, hmsE/A, and fur. No conserved gaps or mutations were identified amongst the csrA-deficient strains (S2, S3 and S4 Tables). Considering no significant alteration in growth kinetics among the csrA-deficient mutants and the isogenic controls, the defect in biofilm production is independent of growth rate. Therefore, our findings demonstrate CsrA is positive regulator of Y. pestis biofilm formation.
CsrA Enhances Y. pestis Biofilm Formation Independent of Glycogen Regulation
We sought to determine if CsrA promotes Y. pestis biofilm production through regulation of glycogen formation. Our findings demonstrate that sole deletion of glgCAP operon does not significantly alter Y. pestis biofilm formation (Table 2) . Moreover, loss of glgCAP in the csrAdeficient background was insufficient to restore wild-type biofilm production. Similarly, deletion of glgCAP did not affect Congo red binding of the csrA deletion mutant or the parent strain ( S5 Fig). These findings demonstrate that glycogen synthesis is dispensable for Y. pestis biofilm production. Therefore, the mechanism by which CsrA enhances Y. pestis biofilm production does not transpire through negative regulation of glycogen formation.
Deletion of hmsP Restores Biofilm Production of the csrA-deficient Mutant
CsrA has been shown to alter the transcript stability of factors which regulate the cyclic diguanylate small molecule activator of PNAG biofilm production in E. coli; and therefore, may stimulate Y. pestis biofilm production via a similar mode of action. To assess this hypothesis, relative mRNA abundance of hmsP, encoding a diguanylate phosphodiesterase, and hmsT, encoding a diguanylate cyclase, was compared among the csrA-deficient mutants and parental strains. Our findings did not indicate any significant alteration in transcript levels amongst the csrA-deficient mutants and the respective isogenic controls (Fig 8) . However, deletion of the hmsP gene from both wild-type CO92 and the CO92 csrA-deficient mutant enabled excessive biofilm production (Fig 9) . Deletion of hmsP significantly enhanced biofilm production of the csrA-deficient mutant by >2.5 fold relative to the isogenic control after 24 hours of growth in HIB. Furthermore, Congo red pigmentation of the csrA-deficient mutant was restored upon deletion of hmsP (S6 Fig). Taken together, these observations suggest that CsrA may enhance Y. pestis biofilm formation through post-transcriptional regulation of cyclic diguanylate synthesis or degradation factors.
Discussion
Within this study, our findings demonstrate that Y. pestis biofilm formation is subject to carbon catabolite regulation. The metabolism of alternate carbon sources promotes robust biofilm formation; whereas, the presence of glucose significantly impairs Y. pestis biofilm production. Considering the Y. pestis transcriptional profile during infection of the flea vector is associated with enhanced expression of alternate carbon source metabolic pathways, our findings correspond with the natural maintenance of plague in the flea midgut [16] .
The metabolism of alternate carbon sources is primarily facilitated by the global transcriptional regulator, CRP. Deletion of crp was found to significantly impair Y. pestis growth kinetics and biofilm formation upon sole utilization of alternate carbon sources. However, media supplementation with cAMP, an activator of CRP, did not significantly alter biofilm production of the crp-deficient mutants or the isogenic controls. Furthermore, in accordance with findings by other investigators, CRP-mediated carbon catabolite regulation of Y. pestis biofilm formation was not associated with altered mRNA abundance of previously characterized Hms biofilmrelated factors [18, 19] . Taken together, these findings suggest that CRP primarily enhances Y. pestis biofilm production by enabling the metabolism of alternate carbon sources and Carbon Regulation of Yersinia pestis Biofilm Production influencing the associated metabolic profile. CRP has been shown to stimulate ribose catabolism whilst repressing glycolysis and glycogen formation in Y. pseudotuberculosis [19] . Thus, through enhanced metabolic shunting of ribose toward PNAG or c-di-GMP biosynthesis, CRP may indirectly promote Y. pestis biofilm production (S7 Fig) .
In E. coli, CsrA is known to post-transcriptionally inhibit biofilm formation via multiple modes of action. Our findings reveal that Y. pestis biofilm formation, contrary to what has been described for other E. coli, is enhanced by CsrA. Y. pestis mutants deficient in csrA demonstrate significantly impaired biofilm formation, irrespective of media composition or available carbon sources. Moreover, phenotypic Congo red assimilation of the csrA deletion mutants is drastically impaired. In fact, Congo red binding of the csrA-deficient mutants are comparable to the biofilm-deficient pigmentation locus negative (hmsHFRS negative) Y. pestis, indicative of considerable impairment of PNAG production.
A position weight matrix was derived from experimentally-characterized CsrA binding sites of E. coli [23, 28, 40, 41] (S5 Table) . Utilizing the Matrix-Scan public domain software, a threshold weight score (4.0) was established through assessment of E. coli pgaA 5' UTR which provides empirical support for predicting putative CsrA-binding sites [28] . With this strategy, putative CsrA binding sites in the Y. pestis hmsH 5' UTR were assessed; however, only one predicted binding site was identified with an associated weight score which did not surpass the pre-determined confidence threshold ( S8 Fig) [42, 43] . Therefore, dissimilar to the E. coli pgaA 5' UTR, the Y. pestis hmsH 5' UTR does not contain an abundance of predicted CsrA binding motifs ( S8 Fig) . This observation suggests CsrA may not readily associate with and impair hmsHFRS translation; however, does not address the mechanism by which CsrA enhances Y. pestis biofilm formation. To provide insight regarding the mechanism by which CsrA promotes Y. pestis biofilm production, we determined the impact of glycogen formation-a csrA-regulated process in E. coli which has been suggested to confer dual roles upon biofilm production [26, 27] . Deletion of the glgCAP operon from Y. pestis strain CO92 did not significantly alter crystal violet absorption and resulted in no discernable change in Congo red assimilation. Furthermore, deletion of the glgCAP glycogen synthesis operon from the csrA-deficient mutant did not restore wild-type biofilm production. Taken together, these findings demonstrate Y. pestis PNAG production is dependent upon the cyclic diguanylate small molecule activator. There are two characterized inhibitors of Y. pestis biofilm production which function through conserved mode of cyclic diguanylate regulation: 1) the Fur regulator which impairs transcription of hmsT encoding a diguanylate cyclase and 2) the HmsP phosphodiesterase which degrades cyclic diguanylate [14, 15, 44] . Interestingly, the 5' UTR of Y. pestis hmsP contains multiple putative CsrA binding sites with predictive weight scores surpassing the calculated cutoff threshold, suggestive of potential CsrA interplay. (S9 Fig) [39, 44] . Comparison of hmsP and hmsT mRNA abundance among the csrA-deficient mutants and the respective control strains did not indicate any significant changes in transcript levels. This observation provides evidence against potential CsrA regulation of Fur. CsrA may post-transcriptionally regulate hmsP and/or hmsT expression to promote Y. pestis biofilm formation. In support of this notion, deletion of hmsP from a csrA-deficient background enabled excessive biofilm production and restored Congo red assimilation. However, further studies are necessary to confirm the role of CsrA upon Y. pestis cyclic diguanylate regulation.
Regardless of the precise mode of action, our findings establish a unique adaptation of Y. pestis CsrA regulatory cascades which enhances biofilm formation by stimulating PNAG production. It is important to note that Y. pestis is non-motile as a consequence of a frameshift mutation in the flhD master regulator of flagellum biosynthesis [45, 46] . Studies in E. coli and Y. enterocolitica have demonstrated that CsrA promotes motility by activating expression of the FlhDC regulators [30, 47] . Thus, through concerted ablation of motility and adaptation of PNAG synthesis regulatory cascades, the Y. pestis CsrA network has evolved to support potent biofilm production.
Conclusions
CRP facilitates carbon catabolite regulation of Y. pestis biofilm production in which the sole metabolism of alternate carbon sources promotes robust biofilm formation; whereas, the presence of glucose impairs biofilm production. CRP does not directly control hms biofilm synthesis and regulation factors. Rather, we postulate CRP indirectly modulates Y. pestis biofilm production through induction of the alternate carbon source expression profile and metabolic shunting. Unlike what has been documented for E. coli, CsrA stimulates Y. pestis biofilm production. CsrA enhances Y. pestis biofilm independent of glycogen formation which has been shown to be a dispensable factor. CsrA does not alter the mRNA abundance of hmsP or hmsT regulators of cyclic diguanylate production. However, deletion of hmsP in the csrA-deficient mutant enables excessive biofilm formation. Therefore, we conclude that CsrA may enable Y. pestis biofilm production by promoting biosynthesis or preventing degradation of the cyclic diguanylate small molecule activator of PNAG production. Step 1. A dual selection kanamycin-resistance (KmR) and sucrose-sensitivity (SucS) cassette incorporated in pKD4 was amplified with primers containing overhangs homologous to the target gene upstream/downstream flanking sequences [33] . A gBlock DNA fragment (IDT) comprised of target gene flanking regions (scarless deletion) or the gene of interest (chromosomal restoration) was amplified in an analogous fashion.
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Step 2. Via λ-Red recombination afforded by pKD46 induction, the target gene was replaced with the KmR-SucS deletion cassette.
Step 3. A secondary recombination event was utilized to either replace the deletion cassette with the gBlock fragment, thus [19] . Factors in green reflect CRP-induced metabolites and/or associated metabolic pathways; whereas, factors highlighted in red are impaired by CRP. CRP promotes ribose catabolism which may contribute to purine synthesis, potentially enhancing c-di-GMP production and the activation of biofilm formation. Alternately, as a concerted consequence of impaired glycogen production and glycolysis, ribose catabolism may stimulate the biosynthesis of PNAG. 
